The fumigant toxicity, repellent activity, and chemical constituents of Juniperus polycarpus L. and Juniperus sabina L. essential oil were investigated against Tribolium confusum Jacquelin du Val. The percentage of insect mortality increased with higher doses and longer durations. Two essential oils, J. polycarpus and J. sabina, were toxic to T. confusum adults with LC 50 values of 368.4 and 301.94 μL/L air, respectively. Concentration of 15 μL of essential oil/ mL acetone of J. polycarpus and J. sabina essential oils showed 96% and 82.7% repellency against beetles, respectively. The major chemical components of the J. polycarpus essential oil were α-pinene (28.39%), δ-cadinene (8.98%), germacrene B (6.31%), and germacrene D-4-ol (4.69%), whereas the major chemical components of the J. sabina essential oil were sabinene (12.57%), α-pinene (12.02%), limonene (9.25%), myristicin (8.61%), apiol (6.28%), and germacrene D (5.59%).
Introduction
Insects and pests constitute a major hazard to stored grain food supplies, and quantitative and qualitative damage to stored grains and grain product from the insect pests may amount to 20-30% in the tropical zone. [1] Tribolium species are the major pests of stored grain products throughout the world. [2] In numerous storage systems, use of fumigants is the major economical method for controlling stored-grain insect pests. [3] Fumigation is still one of the mainly useful procedures for the security of stored products, forage crops, and other farming commodities from insect invasion not only because of their ability to kill a wide range of pests but because they enter deep into the product however leave minimal remainders. [4] Herbal insecticides have less adverse effects on environment compared with conventional pesticides and are less toxic to humans and mammals. In addition, due to their low durability and ease of use in nature, they can be an alternative to chemical pesticides to control pests. In the recent years, there has been a tendency to increase the efficiency of agricultural products. In this regard, the indiscriminate use of pesticides has resulted in serious problems such as direct toxicity on parasitoids, predators, pollinators, fish, and humans; development of pest resistance to pesticides; residues of pesticides in food products; and adverse environmental effects. [5] Plant essential oils have been recommended as substitute sources for insect control products because some are selective and have slight destructive effect on non-target organisms and the environment. [6, 7] Essential oils of a large number of plant species have been found to have toxic and/or repellent effects against different insects.
and North America. [11] The oils of this plant genus were dominated by α-pinene, sabinene, and cedrol with moderate amounts of limonene, terpinen-4-ol, and elemol [12] which were reported to possess the insecticidal activity. [13] [14] [15] [16] Based on our knowledge, no study has been previously reported on the insecticidal activities of the oils of two tested plants against T. confusum; however, it has been only reported that the oil of J. sabina and J. polycarpus had insecticidal activity against other insect and acari species, such as Callosobruchus maculatus Fabricius (Bruchidae: Coleoptera), [13] Sitophilus zeamais Motschulsky (Coleoptera: Curculionidae), Tribolium castaneum Herbst (Coleoptera: Tenebrionidae), Mythimna separata Walker (Lepidoptera: Noctuidae), Plutella xylostella Linnaeus (Lepidoptera: Plutellidae), [14] Brevicoryne brassicae Linnaeus (Hemiptera: Aphididae), [15] and Tetranychus urticae Koch (Acari: Tetranychidae). [16] Also insecticidal activities of other species of Juniperus genus were reported in other studies. Athanassiou et al. [17] found the simultaneous use of silica gel and essential oil of J. oxycedrus ssp. Oxycedrus was effective against Sitophilus oryzae (Coleoptera: Curculionidae) but had no significant effect on its efficacy against Tribolium confusum (Coleoptera: Tenebrionidae). The aim of this study was to assess the chemical composition and the toxic potential of the essential oils obtained from J. polycarpus and J. sabina to control T. confusum adults.
Materials and methods

Plant material and essential oil extraction
Juniperus polycarpus leaves were collected from preserved area of Golol (37°44′ N, 58°6′ E; 2260 m a.s.l.) located in Shirvan, North Khorasan province, Iran, in October 2011. Juniperus sabina aerial parts were collected from Tigh bel region (37°23′ N, 56°46′ E; 1900 m a.s.l.) located in Ashkhaneh, North Khorasan province, Iran, in February 2012. The collected leaves from plants were dried naturally at room temperature for 8 days until crisp dry. Conditions of extraction were 50 g of samples, 1:10 plant material:water volume ratio, and 4 h distillation using a Clevenger-type apparatus. The extracted oil was dehydrated with anhydrous sodium sulfate (10 min) and immediately stored in refrigerator at 4°C within airtight glassware with screw lids covered by parafilm tape as a proper seal. The essential oil yield of dry leaves was 1.3% for J. sabina and 3.4% for J. polycarpus.
Insect culture
T. confusum adults were obtained from Toxicology Laboratory, Department of Entomology, the University of Ferdowsi, Iran. T. confusum was reared in plastic containers (20 cm length, 14 cm width, and 8 cm height, covered by a fine mesh cloth for ventilation) containing wheat flour mixed with yeast (10:1, w/w). The culture was maintained in the dark, in a growth chamber set at 27 ± 1°C, 65 ± 5% relative humidity. All experiments were carried out under the same environmental conditions.
Fumigant toxicity
Ten adult insects were put into 90 mL glass vial with screw tight lids (without mesh) and the bottle lids were covered by parafilm tape as a proper seal. Filter paper disks (Whatman No. 1) were cut into 2 cm diameter pieces and fixed under the screw caps. Filter papers were impregnated with a series of each essential oil concentrations. The caps were screwed tightly on the bottles after the release of 10 non-sexed adult beetles (1-7 days old). Each concentration was replicated 4 times with 10 individuals per replicate in a completely randomized design without subsamples. Mortality was determined after 6, 9, 12, and 24 h from commencement of exposure, in serial time method. When there was no movement of legs or antenna, insects were considered dead.
To assess 50% lethal dose 24 h after exposure (LC 50 ), the concentrations of the essential oils causing 10-90% mortality were used. Different amounts of essential oils tested on T. confusum were 10, 15, 30, 40, 45, and 55 μL in 90 mL bottles, corresponding to concentrations of 111. [18] using IBM SPSS Statistics 24 software.
Repellency activity
Repellency was assessed as described by Negahban et al. [19] The repellency tests consisted of two clear plastic chambers with 65 mL volume (treatment and control) joined to either side of a central main chamber with the same size by a small tubing (2 cm long and 3 mm in diameter). Concentrations of the test solutions were 1, 5, 10, and 15 µL of essential oil in 1 mL acetone that was applied on 40 seeds of wheat. In the control, the food was treated with 1 mL acetone. The treated and control seeds were kept at room temperature for 20 min to evaporate the solvent completely and placed in the center of treated and control chambers, respectively. Three replications were used for each concentration based on completely randomized design. Fifty non-sexed adults (1-7 days old) were introduced into central main chamber. The treated and control chambers were covered by plastic screen but central chamber was covered by lids and the whole setup was left in darkness. After 24 h, the number of beetles at each chamber was counted and the percentage of repellency (PR) values was computed using the formula of Liu et al. [20] :
where C is the number of insects in control grain, E is the number of insects in the essential oiltreated grain, and T is the number of total released insects.
Gas chromatography-mass spectrometry
The essential oil was analyzed on a gas chromatograph-mass spectrometer (GC-mass) in the Biology department of Tabriz University. The GC/MS analysis of the essential oils was performed using an Agilent 7890 N gas chromatograph equipped with an HP-5 capillary column (30 m × 0.25 mm i.d., 0.25 µm film thicknesses) and a mass spectrometer 5975 of the same company, which was operated on EI mode. The flow velocity of the helium carrier gas was 1 mL/min. The oven temperature was kept at 60°C (3 min isothermal) and programmed to 260°C at a rate of 5°C/min. The injector temperature was 260°C. Mass spectrometer conditions were: ionization potential 60 eV; with a mass range of 40-400 amu. The identity of the oil components was established from their GC retention indices, relative to C 7 -C 25 n-alkanes, by comparison of their MS spectra with those reported in the literature, and by computer matching with the Wiley 5 mass spectra library.
Statistical analysis
The mortality data of tested concentrations for various time periods in every plant were normalized by Box-Cox transformation using IBM SPSS Statistics 24 software. Repellency data were normalized by Johnson transformation using Minitab Statistical software (version 17) . Normality of data was tested using Kolmogorov-Smirnov test, a non-parametric test. Statistical analysis of the mortality and repellency data was performed by univariate analysis of variance and one-way analysis of variance (ANOVA) with a post-hoc Tukey test after the assessment homogeneity of variance by Levene's test using IBM SPSS Statistics 24 software, for Windows. The results were expressed as mean ± SE, and considered significantly different at P < 0.05.
Results
The essential oils of J. polycarpus and J. sabina were toxic for T. confusum adults and the mortality increased significantly with rising concentration (F 3,48 = 62.5, P < 0.01 for J. polycarpus, and F 3,48 = 32.6, P < 0.01 for J. Sabina essential oil, Table 1 ) and longer exposure times (F 3,48 = 42.1, P < 0.01 for J. polycarpus, and F 3,48 = 47.7, P < 0.01 for J. Sabina essential oil, Table 1 ). Essential oils of J. polycarpus at the lowest concentration (166.65 μL/L air) caused 17.50% mortality after 24 h compared with 90% mortality at the highest concentration (611.05 μL/L air) (Fig. 1) . However, essential oils of J. sabina at lowest concentration (166.65 μL/L air) caused 27.50% mortality after 24 h compared with 82.5% mortality at the highest concentration (666.6 μL/L air) (Fig. 1) . Two essential oils, J. polycarpus and J. sabina, were toxic to T. confusum adults with LC 50 values of 368.4 and 301.9 μL/L air, respectively. However, the mortality caused by J. polycarpus essential oil did not differ significantly from J. sabina as inferred by the confidence intervals of LC 50 (Table 2) . Essential oils of two Juniperus species were highly repellent to T. confusum in the tested concentrations ( Table 3 ). The results showed that the repellency was concentration-dependent (F 3,16 = 9.54, P < 0.01, Table 4 ), and the repellency increased significantly with increasing concentration of J. polycarpus (F 3,8 = 6.75, P < 0.05) and J. sabina essential oil (F 3,8 = 5.65, P < 0.05) ( Table 3 ). In the present investigation, the concentration of 15 µL of essential oil/mL acetone of J. polycarpus and J. sabina showed 96% and 82.7% repellency against T. confusum beetles; while J. polycarpus and J. sabina oils' repellency was 6.7% and 10% at lower concentration of 1 µL essential oil/mL acetone, respectively. The repellency of these two plants was not different in all tested concentrations (F 3,16 = 0.85, P = 0.37, Table 4) .
GC-MS analysis showed that the major chemical components of the J. polycarpus oil were α-pinene (28.39%), δ-cadinene (8.98%), germacrene B (6.31%), and germacrene D-4-ol (4.69%) ( Table 5) , whereas the major chemical components of the J. sabina oil were sabinene (12.57%), α-pinene (12.02%), limonene (9.25%), myristicin (8.61%), apiol (6.28%), and germacrene D (5.59%) ( Table 5) .
Discussion
Based on LC 50 and fumigant toxicity experiments, the essential oil of two tested plants displayed insecticidal activity against T. confusum, the stored-grain beetle. Previous investigation demonstrated that essential oils of J. sabina have toxic effect on adults of C. maculatus, important pest of stored legumes (LC 50 = 134.35 μL/L air) [13] that was approximately two times higher than that of J. sabina toxicity against T. confusum (LC 50 = 301.9 μL/L air) in the present research. The difference of fumigant toxicity may be attributed to dissimilarity in the phenotypic resistance (modifications in the target site), metabolic resistance (ability to detoxify insecticides), or behavioral modification. [21] T. confusum had a tendency to be less active (behavioral resistance mechanism) and had a limited movement (our observations) compared with C. maculatus that may reduce breathing and insecticide penetration via the insect spiracle. The essential oil of J. sabina seeds showed fumigation activity against two species of storedproduct insect pests, Sitophilus zeamais Motschulsky (LC 50 = 161.12 mg/L air) and Tribolium castaneum Herbst (LC 50 = 100.13 mg/L air), [14] which was very lower than insecticidal activity of the essential oil Figure 1 . Cumulative mortality percentage of T. confusum exposed to J. polycarpus and J. sabina essential oil for various time periods. Means above the columns followed by the different letters are significantly different (P < 0.05) (Tukey post-hoc test after analysis of variance). Mortality data were subjected to Box-Cox transformation for normality. Means with the different letters in the rows are significantly different (P < 0.05) (Tukey post-hoc test after analysis of variance). Repellency data were subjected to Johnson transformation for normality.
from J. sabina leaves against T. confusum in the present research. The difference may be mainly related to the plant part from which the essential oil is extracted (leaves vs. seeds). Also aphidicidal effect [15] of J. excelsea and J. oxycedrus essential oils on Brevicoryne brassicae L. and acaricidal effect of J. sabina essential oil [16] on Tetranychus urticae Koch (Acari: Tetranychidae) have been previously reported. There were differences in the essential oil composition of two Juniperus species, principally in main compounds. The major chemical components of the J. polycarpus essential oil were α-pinene, δ-cadinene, germacrene B, and germacrene D-4-ol, whereas the main chemical components of the J. sabina essential oil were sabinene, α-pinene, limonene, myristicin, apiol, and germacrene D. The results of our analysis are in agreement with previous reports by Asili et al., [22] who also reported that the major components of the essential oils of J. sabina leaves were sabinene (24.3%), α-pinene, (6.2%), and myrcene (7.6%). Similar to our results, the essential oil from fresh mature leaves of J. sabina collected in Kazakhstan had high percentage of sabinene (42.6%), cedrol (15.9%), and α-pinene (15.8%). [23] Terpinen-4-ol, limonene, sabinene, γ-terpinene, and δ-cadinene were reported to be the major components in the essential oil from dried fruits of J. polycarpus in Golestan province, Iran. [24] Whereas, in our study the major chemical components of the J. polycarpus leaves essential oils were α-pinene, δ-cadinene, germacrene B, and germacrene D-4-ol.
Results of this study clearly illustrated that the susceptibility of insects to both essential oils were similar, although the main constituents of both Juniperus species were dissimilar. The fumigant properties were supposed to be associated with the high percentage of δ-cadinene, germacrene B, and germacrene D-4-ol in J. polycarpus oil, sabinene, limonene, and myristicin in J. sabina oil, and α-pinene, apiol, germacrene D, α-muurolene, and β-myrcene in both species, which exhibited also moderate to strong activities against the other insects. [25] [26] [27] [28] [29] The second most abundant compound of rosemary essential oil tested, α-pinene, has shown strong fumigant toxicity against the bean bruchid beetle, Acanthoscelides obtectus (Say). [25] Ojimelukwe and Adler [26] found α-pinene was toxic to Tribolium confusum du Val. Limonene had insecticidal bioactivities to T. castaneum. [27] Toxic effect of myrcene has been reported on S. oryzae. [28] Acaricidal effect of apiol has been reported by Song et al. [29] The essential oils assayed were not only active insecticide against T. confusum, but they were also effective repellents. Based on our results, adults of this beetle were found to be repelled by tested essential oils even at very low concentrations. The strong repellent activity of the tested oils could be due to α-pinene and limonene. In a previous research, it was shown that α-pinene possessed important repellent effects toward T. confusum. [30] In another research, limonene had repellent activities to T. castaneum. [31] The essential oil from two Juniperus species could become an interesting alternative to conventional chemical control strategies of pests in closed sites such as greenhouses and stored products. However, some botanicals, especially the essential oils, have broad spectrum of biological toxicity. [32] Consequently, further studies need to be conducted to evaluate the safety of these oils before their practical use in stored-product insect control. However, despite many advantages, the botanical pesticide market has a number of major challenges and although there has been growth, it has not grown in a comparable way with botanical medicine market in recent years. Some of these challenges are high costs, rapid degradation, low availability, as well as scarce data of effective results. [33] **Significant differences at 1% level (using GLM univariate analysis of variance). ns No significant differences at 5% level (using GLM univariate analysis of variance). 
